Photovoltaic (PV) cells and modules are often rated in terms of a set of standard reporting conditions defined by a temperature, spectral irradiance, and total irradiance. Because PV devices operate over a wide range of temperatures and irradiances, the temperature and irradiance-related behavior must be known. This paper surveys the temperature dependence of crystalline and thin-film, state-of-the-art, research-size cells, modules, and systems measured by EI variety of methods. The various error sources and measurement methods that contribute to cause differences in the temperature coefficient for a given cell or module measured with various methods are discussed.
AB ST I3 ACT
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I NTRO D IU CT IO N
This paper investigates temperature-dependent current versus voltage (I-V) rneasurements performed on several continuous light sources and the SPIRE 240A pulsed solar simulator. Simulator-based temperature coefficients (TC) are also compared with TCs for a wide variety of PV technologies derived from regression analysis of data taken under natural sunlight at the module and system level.
The temperature coefficient TC for a given parameter Z can be written as:
where the normalization temperature T,i s chosen to be 25°C because it corresponds to the standard reference temperature for terrestrial and most space PV. It is important for comparison purposes that the normalization temperature be standardized or at least explicitly stated.
Once TC is measured for a pairameter Z, it can be translated from a given temperature Tto another temperature T'using:
(2)
For multijunction devices and any device where different current conduction rriechanisms occur at different temperatures, Z is nonlinear. The value of TC can also change with the spectral conient of the light source that Z is measured under because the quantum efficiency TC varies with wavelength. The value of TC also varies with irradiance because in Eq. 1 the value of Z changes with irradiance. Equation 2 assumes that Z is a linear function of temperature. Commercial data-acquisition systems often require the TC to be expressed in units of amps/"C and volts/"C at a given irradiance. Expressing the TC in absolute units allows the entire I-V curve to be translated for temperature. Corrections for temperature using absolute temperature coefficients require the number of cells in series and the number of parallel strings in a module or array.
MEASUREMENT METHODS
The temperature coefficient can be measured under simulated or natural light. Determining system temperature dependence requires measurement under actual operating conditions. Typically, the irradiance level is restricted to minimize variations in the temperature dependence with total or spectral irradiance.
Temperature-dependent I-V measurements can be grouped into the categories of pulsed-light or continuouslight solar simulators. In pulsed light solar simulators, the light-induced temperature gradient across the PV sample is negligible except at very high concentrations. This results in a very low error in the temperature of the PV device. The uncertainty in T C s determined by pulsed-light measurements can be affected by bias-rate-related artifacts and noise in the measured data.
Continuous-light sources allow for a very low random error in the measured I-V characteristics when longintegration-time, high-accuracy voltmeters are used to simultaneously measure the voltage, current, and irradiance. Bias-rate-related errors that occur in many thinfilm material systems, high-lifetime silicon, and any highcapacitance PV design can be minimized or eliminated with a data-acquisition system using a continuous-light source [l] . Under continuous illumination, a temperature gradient will exist between the PV junction and the measured frontor back-surface temperature. A procedure employed at the National Renewable Energy Laboratory and elsewhere is to place the sample at the desired temperature in the dark at open-circuit conditions after "light soaking," if any, has been performed. The open-circuit voltage (V,,) is then monitored as the shutter is opened. The highest V,, observed is the V,, at the desired temperature. The sample is then cooled, if possible, until this maximum V, , is reached. The uncertainty associated with this method is limited by the shutter speed, voltage sampling rate, response time of the V,, to the shutter being opened, and the amplitude stability of the light source.
A variety of methods have been employed to vary the temperature for simulator based temperature dependent measurements including:
Control the cell temperature with a temperaturecontrolled vacuum plate. This method minimizes temperature gradients. Heat a module in an environmental chamber and then place the heated module in an insulated box and measure the sample's I-V characteristics as it slowly cools down. This method results in the back of the module being warmer than the front because heat is radiated off the front surface, while the back surface is insulated.
Heat the cell or module in a temperature controlled chamber with a window. This method minimizes temperature variations. Heat the module with a blanket from below and measure the I-V characteristics after the temperature has reached equilibrium. This procedure also has a typical temperature gradient between the back and front surface of 2°C. Adjust the room temperature to obtain the I-V characteristics at different temperatures. This method has a minimal thermal gradient and temperature range. The TCof the equipment may add to the error.
Ideally the temperature, spatial uniformity, and contacting should not be changed as the I-V characteristics are measured at different temperatures. This is because differences in spatial uniformity, irradiance level, or contacting can exceed the variation with temperature. Hysteresis in the I-V characteristics as a function of temperature can also occur because of different temperature gradients between the sample and sensor in the heating and cooling modes, sample degradation, or transient behavior. Hysteresis loops are especially evident in CdS/CdTe cells and modules because of light-soaking effects [ l ] .
Careful placement of the temperature sensor on the back surface or front surface is essential to minimize errors introduced because the measured temperature is different than the junction temperature.
EXPERIMENTAL RESULTS
The measured TCs for a variety of cell and module PV technologies under "1 -sun" illumination are summarized in Fig. 1 . Table 1 illustrates the range of TCs for silicon cells and modules that have been measured. Fig. 3 illustrates how the TC changes with irradiance for a multicrystalline silicon module. The TC for the CdS/CulnSe2 module shown in Fig. 2 was representative of the modules in the Siemens Solar array deployed at the NREL Outdoor Test Facility. This module was also measured outdoors over the restricted irradiance range of 950-1 050 W/m2, giving a normalized maximum-power temperature coefficient of -6720 ppmPC [8] . The maximumpower TCfor the CIS system, determined by measuring the array performance with a portable I-V tracer over the restricted irradiance range of 900-1 100 W/m2 is -7690 ppm/"C with a correlation coefficient of 0.87.
For many outdoor TC measurements, the random error in the maximum power (f,,,) and efficiency is correlated with the random error in Is,. By looking at the f m a x or efficiency TC as P, , , Asp instead of /"a,&tot, the random error can be substantially reduced. This method assumes that I,, is linear with irradiance over the irradiance range being corrected and that Isc is corrected for temperature. An additional negligible source of error in this normalization procedure for fmax is the assumption that the TC of I, , is constant over the irradiance range being corrected for. For the portable I-V tracer data above the fmax TC was -7410 ppmPC with a correlation coefficient of 0.94.
The T C versus current density (Fig.4) is most appropriate for characterizing thermophotovoltaic devices because the spectral and total irradiance of the thermal emitter is application specific and not standardized. The TC were measured with a continuous light source and the V,, method to obtain the I-V at a known temperature.
The nonlinear temperature dependence of a multijunction a-Si/a-Si:Ge module is illustrated in Figure 5 . The nonlinear behavior occurs because the voltage TC for each junction is different. The temperature dependence will vary greatly, depending on the spectrum of the light source under which the temperature dependence was measured P, 101.
The hysteresis in Fig. 6 is not temperature-related because there was no measurable hysteresis in V O C versus temperature. This module is typical of the modules in the CdTe system described elsewhere [l 11. The Pmax TC for the system was 11 00 ppm/"C for the positive subarray and 1600 ppm/"C for the negative subarray [lo] . One of the modules of the same type as the system was evaluated outdoors and a Pmax TC of -800 ppmPC was obtained. This Pmax TC for this module measured under a pulsed solar simulator was -3600 ppmPC.
The measured Is, TC varies, depending on the light source, because the quantum efficiency does not vary with temperature in a multiplicative manner (Figs. 7,8 ). This changing quantum efficiency with temperature gives rise to a changing spectral mismatch error with temperature, the magnitude of which depends on how well the light source and reference spectrum are matched. An unexpectedly large variation (>50%) in the I,, TCs forthe same samples with temperature sensors attached circulated between various laboratories have been observed [11, 12] . Table 2 shows TCs measured for a monocrystalline Si reference cell with an attached temperature sensor under the spectra shown in Fig. 9 . The spectra of the 950 nm long wave pass filtered Spectrolab X25 spectrum cause the short-circuit temperature coefficient to increase dramatically. This increase can be explained by the variation in quantum efficiency with temperature (Fig. 7) . For multijunction devices this difference in temperature coefficient between the top and bottom cell can cause the sign of the temperature coefficients to change with temperature.
The temperature coefficients for a variety of PV technologies have been presented. Various strategies and precautions for measuring simulated and natural sunlight have been discussed. The T C varies within given technologies with irradiance level and spectrum.
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